In the continuous casting process, the internal temperature of billet is difficult to be measured and the surface temperature of billet is also difficult to be measured accurately. The steady-state heat transfer models can only be used for simulating the steady-state casting operations in off-line. For better control over the whole continuous casting cycle, recently more attention have been paid to developing real-time heat transfer models which are valid under casting condition varying frequently. Considering the heat transfer coefficient is the precondition of solving the model, and it is difficult to be measured directly. An identification method of heat transfer coefficient based on genetic algorithm was developed. According to the measured temperature and shell thickness, the heat transfer coefficient of each spray zone was determined. In order to test the dynamic performance of the real-time heat transfer model, the surface temperature was measured using the CCD (charge coupled device) temperature measurement system, which can effectively eliminate the impact of the scales on the billet surface and keep the fluctuation of the measured surface temperature within the range of «10°C. The temperature field measurement of billet was realized by the multi-information fusion of CCD temperature measurement system, measured shell thickness and data acquisition system. This provides the possibility to improve the existing cooling system based on the feed-back control considering the measured surface temperature.
Introduction
In the continuous casting process, the internal defects which can be formed in cast material are due to inappropriate casting operation and improper secondary cooling water distribution. 1) In order to eliminate these defects, the billet solidification process must be controlled.
24) The presence of steam within the spray chamber and the formation of scales randomly on the billet surface render the impracticable of continuous direct temperature measurements. 5, 6) Many heat transfer models have been developed and used to optimize the secondary cooling process. 2, 7) But these heat transfer models can only be used for simulating the steady-state casting operation in off-line. In the actual production, due to the impact of equipments, processes and actual production conditions, etc., the process parameters are fluctuant frequently, such as superheat, casting speed and secondary cooling water, 8) more attention have been paid to developing real-time heat transfer models which are valid under dynamic casting conditions. However, the heat transfer coefficient of each spray zone as the precondition to solve the models is difficult to be measured directly. The empirical heat transfer coefficient to be obtained in specific conditions will lead to the large deviation in the application. Therefore, the heat transfer coefficient must be identified before the model application. In order to identify the heat transfer coefficient, the shell thicknesses and surface temperatures of billet under different conditions were measured and the optimization algorithm of identification the heat transfer coefficient was developed. The surface temperatures of billet were measured using CCD measurement system. The high-resolution CCD camera can eliminate the effect of scales on the billet surface. The temperature field measurement of billet was realized by the multi-information fusion of CCD temperature measurement system, measured shell thickness and data acquisition system, which provides the possibility to improve the existing cooling system based on the feed-back control considering the measured surface temperature.
Real-Time Heat Transfer Model
The mathematical heat transfer model is used to describe the heat transfer and solidification process of billet continuous casting. Compared to the heat transfer in the lateral direction, the heat transfer in the casting direction can be ignored due to high energy, low conductivity and high casting speed of the steel. Thus it can be described by the two-dimensional non-steady state solidification equation as follows:
where T,¸, k, c, µ and S represent billet temperature, time, thermal conductivity of steel, specific heat capacity of steel, density of steel, latent heat, respectively. To solve the model, taking into account the billet symmetry, only a quarter of the billet section is calculated. The grid division and boundary conditions for the crosssection of the billet are shown in Fig. 1 . The P is the control volume, and w, e, n, s are the correspondence interfaces. In the time interval (t, t + "t), eq. (2) 
(2) Boundary condition: Mould zone:
Secondary cooling zone:
Air cooling zone:
where T is the billet temperature, T 0 is the pouring temperature, a and b are the constants, t is the residence time of liquid steel in the mould, T war is the cooling water temperature, T air is the air temperature, ¾ is the emissivity, · is the Stefan-Boltzman constant, S is the latent heat, n is the exterior normal of cooling boundary. The heat transfer coefficient h is calculated by the following equation:
where h is the heat transfer coefficient (W/m 2 /K), w is the water flow density (L/m 2 /s), T war is the cooling water temperature, ¡ is the machine-dependent calibration factor of each spray zone.
In order to calculate the real-time temperature field of billet in actual casting process, the casting process parameters must be gathered in real-time. The time interval of sampling must be very short enough so that the data can be updated in a timely to accurately reflect the transient variation of the billet temperature field. At the same time, the interval time must be longer than the model calculation time and has certain margin. Therefore, the acquisition time of process parameters must be determined according to the caster machine.
Surface Temperature Measurement and Heat
Transfer Coefficient Identification
The accuracy of real-time heat transfer model is critical to optimize secondary cooling water dynamically to control the shell thickness, the liquid pool depth, and the temperature of straightening point, therefore the real-time heat transfer model must be revised and validated before application. The developers validated the model by measuring the shell thickness or surface temperature in different locations of the billet, but the thickness measurement cannot realize the realtime measurement for the billet. Therefore, in this paper, the model correction was carried out by means of measured billet surface temperatures, as well as a few measured shell thicknesses under steady-state condition.
The temperature measured by traditional infrared thermometer which is single-point measurement fluctuates up to 100°C under the impact of scales generated randomly, while the average filter used to eliminate temperature fluctuation causes the measurement lag and deviations. 11) In this study, the CCD measurement system was developed to measure the surface temperature of billet. Figure 2 shows the system structure of the CCD measurement system. With the highresolution CCD camera, 12, 13) subtle change within the range of 1 mm diameter on the billet surface can be detected, and the surface temperature of billet can be detected from the gap between the scales, effectively overcoming the effect of scales.
Model correction is important to ensure the accuracy of temperature field. The heat transfer coefficient of each spray zone is difficulty to be measured directly. The empirical heat transfer coefficient to be obtained in specific conditions will lead to the large deviation in the application. Therefore, for the application of model, the calculation results of model must be consistent with the measured ones by identification the heat transfer coefficient. In this paper, the heat transfer coefficients were identified with genetic algorithm. The parameter ¡ of each spray zone was identified by the measured surface temperature and shell thickness of billet. Considering the measurement error of shell thickness and surface temperature, the constraint conditions were as follows:
Axis of symmetry
(1) The error of measured and calculated shell thickness must be limited to within the range of 2 mm.
(2) The error of measured and calculated temperature must be limited to within the range of 10°C.
The objective was to minimize deviation of the measured and calculated values as a function of the heat transfer coefficients and two constraints of measured shell thickness and temperatures, and the F(¡) was the objective function. This is achieved by carrying out a series of simulations performed by the heat transfer model. The optimization process using the penalty function method:
where w i H , w i T is the weight of the criterion. P(¡) is the penalty function.
The genetic algorithm 2) applied for the parameter identification in continuous casting consists of:
Step 1: generation an initial population of results simulated with input parameters of process (nominal); Step 2: compute the billet surface temperature and shell thickness of setting points and the objective function; Step 3: modify heat transfer parameters in each region where the constraint was violated; Step 4: the generation of new results;
Step 5: compute the billet surface temperature and shell thickness of setting points and the objective function; Step 6: if objective function decreased, then the result is F(¡); Step 7: if F(¡) ¼ 0 end, and output the parameters of each sprays zone; otherwise go to step 2.
Results and Discussion
The real-time model was based on an actual caster in a steel plant. The caster radius is 10 m. The secondary cooling is spread over three zones, and each zone is independently controlled through control valves to regulate the flow of water to the spray nozzles. The parameters of caster and thermal physical properties of Q235 steel used in calculation were shown in Tables 1 and 2 , respectively.
In the casting process, the fluctuation of superheat of molten steel causes frequently change of the casting speed and secondary cooling water. In order to research the dynamic temperature field of billet under varying casting conditions, the surface temperature was measured continuously at the secondary cooling zones. Figures 3, 4 and 5 show the field application of CCD temperature measurement system, the CCD image of billet surface and surface temperature distribution of billet, respectively. It can be seen from Fig. 4 that the scales generated randomly on the surface of billet lead to measured temperature fluctuation. In order to reduce or even eliminate the temperature fluctuation, the rectangle area at the measured point was divided into many small grids (the size of each small grid size is 1 mm © 1 mm). The average temperature of each grid was regarded as the center point of grid. The surface temperature gradient of billet is very little in the withdrawal direction, so it was assumed that the temperature at measured point neighborhood doesn't change in the withdrawal direction and the max temperature of grid of each column was near the actual temperature of correspondence grid of measured point transverse. The temperature of measured point can be obtained by the curve fitting of max temperature of each column. This peak filtering method can effectively reduce or eliminate the impact of scales on the temperature measurement and keep the measured surface temperature fluctuation within the range of «10°C. Figure 6 shows the comparison of measured temperatures between CCD measurement system and infrared single-point measurement system. Traditional temperature measurement method which adopts infrared single-point measurement technique can cause the fluctuation of measured temperature up to 100°C. The new CCD measurement system and its peak filter method used in Table 2 Thermal physical properties of Q235 steel. The real-time heat transfer model was revised by measuring the shell thicknesses and surface temperatures in different locations of the billet. The shell thickness was measured by using shooting nails, which include FeS, whose solute distribution has a very significant difference when sulfur element diffuses between liquid and solid. 14) So the shell thickness can be gained at the shooting nails position by the sulfur print. The shell thicknesses and temperatures were shown in Tables 3 and 4 between the measured and calculated values after the identification of the heat transfer coefficient. The parameters ¡ of heat transfer of each spray zone were 3.73, 4.15 and 4.57, respectively. From the Table 3 , the consistency of shell thickness between experimental data and numerical results was obtained. As shown in Table 4 , the test error was within the range of «10°C between the measured and calculated temperatures of each secondary cooling zone under steady condition, and the calculated result was basically consistent with the measured data.
In order to test the dynamic performance and response to operation conditions of the real-time transfer model, the surface temperatures calculated by the real-time model and measured by the CCD temperature measurement system were compared at 12.51 m distance from meniscus in the actual casting process. As seen in Fig. 7 , the calculated surface temperatures were agreement well with the measured ones. The temperature field measurement of billet was realized by the multi-information fusion of CCD temperature measurement system, measured shell thickness and data acquisition system, which provides the possibility to improve the existing cooling system based on the feed-back control considering the measured surface temperature.
Conclusion
The real-time heat transfer model and heat transfer coefficient identification method were developed. The surface temperatures were measured by CCD measurement system, which can effectively eliminate the impact of scales on the temperature measurement and keep the measured surface temperature fluctuation within the range of «10°C. The temperature field measurement of billet was realized by the multi-information fusion of CCD temperature measurement system, measured shell thickness and data acquisition system, which provides the possibility to improve the existing cooling system based on the feed-back control considering the measured surface temperature. 
